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a valuable dichotomy between island and continental pat-
terns of pigmentation evolution in a single system. The D. 
dunni subgroup is remarkable in that each species is geneti-
cally fixed for its particular abdominal pigmentation pattern. 
These monomorphic species as a group exhibit an  interspe-
cific cline in pigmentation across the Caribbean islands, with 
lighter species in the north and darker species in the south 
(Heed and Krishnamurthy 1959; Hollocher 1996; Hollocher 
et al. 2000a). Such a cline in pigmentation is an indication that 
natural selection on this trait may have played an important 
role during speciation. Alternatively, this step cline may not 
be the result of selection, but rather represents the remnants 
of two separate colonization streams, one comprising light 
species and the other dark.
In contrast to the island species, similar ranges of pigmenta-
tion variation exist within species of the D. cardini subgroup 
on the mainland. These species are characterized by wide-
ranging distributions and highly polymorphic intraspecific 
abdominal pigmentation patterns that vary from almost 
completely pigmented to nearly unpigmented (da Cunha 
1949; Heed 1963; Martinez and Cordeiro 1970). Interestingly, 
the developmental control of abdominal pigmentation in 
the D. cardini subgroup is variable as well: some intraspe-
cific polymorphisms have been categorized as environmen-
tally influenced, and others genetically controlled (da Cunha 
1949; Heed 1963; Martinez and Cordeiro 1970).
Several phylogenetic hypotheses for the D. cardini group 
have been proposed previously, based primarily on the anal-
ysis of chromosomal inversion patterns (Heed and Russell 
Selection on pigmentation is ubiquitous and impacts phe-
notypic diversity across a wide range of organisms. It has 
been studied extensively in invertebrates (e.g., Daphnia, Dros-
ophila, ladybirds, butterflies, and moths) as well as several 
vertebrates (e.g., birds, fish, rodents and humans), and has 
been found to result from diverse evolutionary pressures, 
including varying physical environments (i.e., temperature, 
UV radiation, and relative humidity), predator evasion, and 
sexual selection (Mayr 1963; Majerus 1998; Ellers and Boggs 
2003; True 2003). Changes in pigmentation are most com-
monly recognized as responses to environmental conditions 
that vary on microgeographic scales as seen in the rapid fre-
quency shifts of melanic forms of Biston betularia moths in re-
sponse to local pollution levels (Majerus 1998), adap tation of 
pocket mice to specific substrates (Nachman et al. 2003), and 
adaptation of melanic Daphnia to increased UV exposure in 
clear pools (Hebert and Emery 1990).
The Drosophila cardini group, first described by Sturtevant 
(1942), offers an unparalleled system in which to understand 
both the functional and evolutionary mechanisms underly-
ing changes in Drosophila pigmentation. The group consists 
of a total of 16 described species (Table 1) inhabiting different 
areas of Neotropical America (Heed and Russell 1971) and 
is characterized by highly polymorphic pigmentation ap-
pearing not just as changes in the intensity of pigmentation, 
but also in the pattern of abdominal pigmentation among 
its members. The group has radiated equally on the Carib-
bean islands (the D. dunni subgroup) and the neighboring 
mainland (the D. cardini subgroup) (Heed 1962), providing 
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guttifera (from the quinaria group), Fayetteville, Arkansas 
(15130.1971.2).
Drosophila neomorpha and D. bedicheki are not available from 
NDSRC. To remedy this, D. neomorpha collected by K. M. Ro-
driguez-Clark in January 1997 from Gamboa, Panama, and 
J. Brisson from La Selva, Costa Rica, were used for analy-
sis. Drosophila bedicheki, only collected once in Trinidad in 
1964 by S. Bedichek Pipkin (Heed and Russell 1971), is a rel-
atively rare species and was not available for analysis. One 
stock obtained from the NDSRC, D. similis grenadensis, Gre-
nada (15182-2321.0), is not a sample of the species intended, 
but rather is D. dunni, as indicated by its pigmentation pat-
tern, male genitalia, and ability to hybridize with other spe-
cies (Wilder and Hollocher 2003; H. Hollocher, unpubl. data). 
Sequence data were obtained from this NDSRC stock only 
to confirm our suspicion that this stock was contaminated; 
therefore, the stock was not used in any of the final analyses. 
New samples of D. similis similis and D. similis grenadensis 
collected by H. Hollocher in July 1996 from Vermont, St. Vin-
cent, and Grand Etang, Grenada, respectively, were used in 
the final sequence analysis.
Classification of Species as Monomorphic or Polymorphic
A series of previous studies reported the monomorphic or 
polymorphic abdominal pigmentation state of each of the 
species investigated here based on field collections or labo-
ratory studies (Streisinger 1946; da Cunha 1949, 1955; Stalker 
1953; Heed and Krishnamurthy 1959; Heed 1962, 1963; 
Machado 2001; Brisson et al. 2005). More recent field collec-
tions have confirmed the observation of monomorphism of 
the island species, D. belladunni, D. dunni, D. arawakana, D. 
caribiana, D. antillea, D. similis, and D. nigrodunni (H. Hol-
locher, unpubl. data) and the polymorphism of D. cardini, D. 
cardinoides, D. neomorpha, and D. neocardini (J. Brisson and D. 
De Toni, unpubl. data).
Genetic Loci Sampled
Genomic DNA was isolated from individual flies using the 
Dneasy Tissue Kit (Qiagen) or the protocol of Rand (1992). 
1971), but also on the morphology of male genitalia (Heed 
1962), patterns of reproductive isolation (Heed and Krish-
namurthy 1959), and, more recently, isozyme dissimilarity 
(Napp and Cordeiro 1981). This paper evaluates the evo-
lutionary relationships of the D. cardini group species with 
DNA sequence data from six loci: the cytochrome oxidase II 
(COII), cytochrome B (cytB), and NADH dehydrogenase subunit 
I, and 16S ribosomal RNA (16S) mitochondrial gene regions, 
as well as the phosphogluconate dehydrogenase (pgd), myosin 
light chain (mlc), and the Cu, Zn superoxidase dismutase (sod) 
nuclear genes. We use the resulting phylogeny to test com-
peting hypotheses of island biogeography in the D. dunni 
subgroup, and to investigate patterns of monomorphism 
and polymorphism in the evolution of abdominal pigmen-
tation in the group.
Materials and Methods
Drosophila Strains
The species designations used in this study are the same as 
those described by W. Heed and his colleagues (Heed and 
Krishnamurthy 1959; Futch 1962; Heed and Russell 1971). 
Flies were either collected from the field or obtained from the 
National Drosophila Species Resource Center (NDSRC) for-
merly in Bloomington, Indiana, and now housed in Tucson, 
Arizona. All species designations of lines sequenced (whether 
from the field or from NDSRC) were confirmed by match-
ing individuals from the stock to the published descriptions 
of male genitalia and abdominal pigmentation, (Heed and 
Krishnamurthy 1959; Heed 1962; Vilela et al. 2002), in some 
cases with the help of W. Heed and his colleagues at the Uni-
versity of Arizona, Tucson.
The species obtained from NDSRC and the field for se-
quence analysis, their locale, and stock numbers are as in 
Table 2. Three additional Drosophila species obtained from 
the NDSRC were chosen to serve as outgroups based on 
the species group relationships described in Remsen and 
O’Grady (2002): D. unipunctata (from the tripunctata group), 
Caripe, Venezuela (15220-2411.1); D. ornatipennis (from the 
calloptera group), St. Vincente, Cuba (15160-2121.2); and D. 
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performed using the fmol (Promega, Madison, WI) sequenc-
ing system and run on 6% sequencing gels. Every locus was 
sequenced for some strain of each ingroup species. However, 
not every locus amplified for the outgroup species. 
The regions of COII used in this study were originally de-
scribed in Wilder and Hollocher (2003). The sod region in-
cluded part of the first two exons and the intervening intron. 
The mlc region included the last three exons and intervening 
introns of the gene. The pgd region sequenced included the 
second exon and surrounding noncoding regions. The cytB 
region sequenced includes a portion of the cytochrome b gene, 
the complete serine tRNA, and part of NADH dehydrogenase 
subunit one.
Sequence Alignment
DNA sequences were aligned by hand in PAUP*4.0b8 
(Swofford 2000) or by using the program ClustalW (Thomp-
son et al. 1994). All three nuclear datasets contained a num-
ber of microsatellite and highly divergent regions; these 
were eliminated prior to analyses due to the ambiguity of 
Three mitochondrial regions and three nuclear loci were am-
plified from each species. The primers used for these loci 
are listed in Table 3. The three nuclear loci were portions 
of the X-linked pgd locus (Christensen and Lucchesi 1984), 
the autosomal mlc, and the autosomal Cu, Zn sod gene. The 
mtDNA gene regions used were cytB and flanking regions, 
COII, and parts of NADH dehydrogenase subunit I and the 16S 
gene regions. The mtDNA loci were sequenced directly, as 
was the pgd locus, since only males were used. Amplification 
and sequencing of the sod locus is described in Wilder and 
Hollocher (2003). Amplicons from the mlc locus were cloned 
into the pSTBlue-1 vector using the Acceptor Vector clon-
ing kit (Novagen, EMD Biosciences, Darmstadt, Germany). 
Cloned DNA was sequenced using the vector-specific prim-
ers T7 and U19 (Novagen) and at least two clones were se-
quenced for each species. Products of the sequencing reac-
tions for cytB, mlc, and pgd were purified using CentriSep 
spin columns (Princeton Separations, Adelphia, NJ) and elec-
trophoresed on a Basestation automated sequencer (MJ Re-
search, BioRad Laboratories, Hercules CA). For the 16S and 
COII datasets, direct double-stranded cycle sequencing was 
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gle peak in a histogram of tree maximum likelihood values, 
suggesting convergence. Analyses were run independently 
three times to compare for convergence as determined by 
similar ln-likelihood values and tree topologies at each run. 
In each case, the Bayesian analyses converged on similar ln-
likelihood scores and topologies.
Congruence Determination
Congruence among datasets was assessed using incongru-
ence length difference (ILD) tests (Farris et al. 1994, 1995) im-
plemented in PAUP*. We performed the ILD test for each 
pairwise combination of genes under parsimony with 100 
random addition sequences of taxa and 100 replicates to gen-
erate the null distribution. Significance was determined us-
ing Bonferroni-corrected P values. 
Hypothesis Testing
We tested a number of phylogenetic hypotheses regarding 
the D. cardini group. For each hypothesis tested, we created a 
new tree topology that represented that hypothesis. We then 
used that topology to constrain a heuristic search with 1000 
replicates and random addition of taxa. The resulting strict 
consensus tree was then compared to the strict consensus 
tree produced by the total dataset without constraint using 
the Wilcoxon signed ranks test (Templeton 1983) as imple-
mented in PAUP*. First, is the D. cardini subgroup mono-
phyletic? To test this, we constrained the total data tree to 
make the D. cardini subgroup an independent radiation from 
the D. dunni subgroup (with D. acutilabella the sister taxon to 
the clade containing D. neocardini, D. parthenogenetica, D. car-
dinoides, and D. procardinoides). Second, can we resolve the 
conflict in the placement of D. neocardini as originally deter-
mined by the inversion and male genitalia data? To test this, 
we constrained the combined data tree to make D. neocar-
dini the basal member of the clade containing D. acutilabella 
and the D. dunni subgroup species or to be a member of the 
D. neomorpha/D. polymorpha clade as suggested by the inver-
alignment. Protein-coding regions of the mtDNA dataset 
were translated into amino acids using MacClade (Maddi-
son and Maddison 2000) for confirmation of alignment and 
to check for the integrity of the data. The separate sequences 
were concatenated into a single partitioned dataset in PAUP* 
for combined analyses. Heterogeneity among sites was de-
termined with PAUP* for all taxa.
Phylogenetic Analyses
Maximum parsimony (MP) analyses. A heuristic search using 
1000 replicates and tree bisection-reconnection (TBR) branch 
swapping was implemented in PAUP* (Swofford 2000). The 
resulting strict consensus trees are shown for each dataset. 
We used nonparametric bootstrapping (Felsenstein 1985) to 
assess node stability, with 1000 replicates of 10 random ad-
ditions of taxa per replicate. Bremer support values (number 
of additional steps needed to accommodate alternative phy-
logenetic hypotheses; Bremer 1994) were determined using 
TreeRot (Sorenson 1999).
Maximum likelihood (ML) analyses. We first selected the best 
of 56 models for the dataset using ModelTest 3.04 (Posada 
and Crandall 1998). The chosen model was then used in a 
heuristic search for the maximum likelihood tree topology in 
PAUP* using 500 replicates and tree bisection-reconnection 
(TBR) branch swapping. To obtain a measure of support for 
the ML trees, we used 500 bootstrap replicates with 10 ran-
dom additions of taxa per replicate.
Bayesian analyses. The parameters determined in the ML 
analyses were input into MrBayes 3.0 (Huelsenbeck and 
Ronquist 2001). In the combined dataset, datasets were par-
titioned to use their corresponding model as determined by 
ModelTest. Four chains were run. For each dataset, 10 million 
generations were run with trees sampled every 1000 steps for 
a total sampling of 10,000 trees per run. The program Tracer 
(Rambaut and Drummond 2004) was used to visualize the 
resulting trees to determine the burn-in (i.e., when stability 
is reached when ln-likelihood scores of the sampled trees 
are plotted against generation time) and to check for a sin-
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outgroups, and others had two. All three mtDNA datasets 
(16S, COII, cytB) were aligned by hand, and no indels were 
observed. In contrast, all three of the nuclear datasets (mlc, 
pgd, sod) had portions that were eliminated prior to analyses 
due to either the presence of microsatellites or ambiguous 
alignments. The minimum and maximum pairwise genetic 
distances with and without outgroup taxa for each locus are 
reported in Table 4. Chi-squared tests of base frequency ho-
mogeneity showed no across-taxa variation in composition 
for any of the data partitions (P = 1 for all; Table 5).
We created a total dataset consisting of a concatenation of 
the individual datasets. Because not all outgroups were avail-
able for each set, they were coded as unknown data for their 
respective missing partitions. Also, for each taxon, the exact 
same strain was not necessarily used (Table 2). We initially 
explored the amount of variation within versus between spe-
cies using multiple individuals of many species and found 
that most of the species were well differentiated. Therefore, 
it should not matter which individual or strain was used in 
the combined analysis. However, some species did not al-
ways form monophyletic groups: those in the lineage con-
taining D. cardinoides, D. procardinoides, and D. parthenogenet-
ica, and those in the lineage of D. antillea, D. nigrodunni, and 
D. arawakana. We consider the implications of this result in 
the discussion.
Phylogeny Inference of Individual and Combined Datasets
We performed separate phylogenetic analyses for each of 
the three mtDNA datasets using MP, ML and Bayesian ap-
proaches. The resulting strict MP consensus trees, along with 
MP and ML nonparametric bootstrap values, Bremer sup-
port indices, and Bayesian posterior probabilities are shown 
in Figure 1A–C. No node with bootstrap support greater than 
70 in the ML topology or a posterior probability of greater 
than 90 conflicted with the strict MP consensus tree. The in-
dividual character partitions resulted in a range of mostly 
compatible tree topologies with varying support values, with 
the cytB dataset exhibiting nodes with the strongest sup-
port. Although we used three distinct regions of mtDNA, the 
mtDNA genome is a single inherited unit, with no recombi-
nation. We therefore combined the three datasets to find the 
topology resulting from all of the mtDNA together (Figure 
1D). For this combined analysis (and future combined analy-
sion and male genitalia data, respectively. Third, what is the 
likely source of colonists for the D. dunni subgroup radia-
tion? To investigate this we tested whether the D. neocardini, 
D. parthenogenetica, D. cardinoides, and D. procardinoides 
clade could substitute for the D. acutilabella and D. belladunni 
clade as the sister group to the remaining island species of 
the D. dunni subgroup. Fourth, what is the colonization his-
tory of the Caribbean species? We tested for either a north 
to south or south to north stepping-stone colonization his-
tory of the islands. Additionally, we constrained the com-
bined data tree to contain a clade of the light species, D. ar-
awakana and D. dunni, which was reciprocally monophyletic 
to a clade of the dark island species, D. caribiana, D. antillea, 
D. similis, and D. nigrodunni. This constrained tree was used 
to test the hypothesis there was one invasion of the islands 
by a light species from the north, and another invasion by a 
dark species from the south. Finally, is our overall molecu-
lar phylogeny concordant with previously generated inver-
sion chromosome and isozyme phylogenies? To test this, we 
used the phylogeny of the entire D. cardini group based on 
inversion chromosomes (Heed and Russell 1971, W. B. Heed, 
pers. comm.) or isozyme data (Napp and Cordeiro 1981) to 
constrain our molecular topology.
Results
Data Partitions and Base Composition
For the six different datasets discussed here, total numbers 
of taxa and characters of each are listed in Table 4. The num-
ber of taxa differed because some of the datasets had three 
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sults, whereas the Bayesian analysis for multiple loci allows 
for the partitioning of each locus using a different likelihood 
model. As expected, the combined tree showed greatly im-
proved branch support. Given the fact that mitochondrial se-
quences are not independent genealogical realizations, this 
ses), we only present MP and Bayesian analyses. Maximum 
likelihood analysis was not used because the different data 
partitions had different likelihood models associated with 
them (Table 6) and thus using a single model of evolution 
for the combined data could potentially produce spurious re-
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mlc trees did not differ at any nodes with strong support, 
the MP and Bayesian trees did. The Bayesian analysis placed 
the two D. similis subspecies in a clade with the two D. dunni 
subspecies and D. arawakana kittensis, and D. caribiana was 
resolved as outgroup to that clade. Further, that entire clade 
was equally distant to D. nigrodunni and D. arawakana ar-
awakana. Second, the tree resulting from the Bayesian anal-
ysis of the combined nuclear dataset was slightly more re-
solved than that of the ML or MP trees. The Bayesian tree 
placed D. neocardini as the outgroup species to the clade of 
D. acutilabella/D. belladunni plus the members of the D. dunni 
subgroup, with a posterior probability of 95. Six of the 12 
most parsimonious trees for this dataset also exhibited this 
relationship, although with an overall bootstrap support of 
62.
Combined Analysis
We used ILD tests (Farris et al. 1994, 1995) to determine 
partitions of data that were incongruent with one another. 
With a Bonferroni correction, we did not reject homogene-
ity for any of the pairwise comparisons (Table 7). We there-
fore explored the results of phylogenetic analyses employing 
combined data from all loci.
When all the data are combined into one analysis, there 
are 677 parsimony-informative characters (472 with the out-
groups removed) and two most parsimonious trees are re-
covered. These two trees differ in the placement of taxa 
within the D. nigrodunni complex. The nodes exhibited dra-
matically improved resolution (Figure 3). In this combined 
analysis, D. cardini emerged from the most basal node within 
the D. cardini group. Drosophila polymorpha and D. neomorpha 
formed a less-well-supported clade, which splits off from the 
rest of the tree after D. cardini. Extremely well supported was 
D. neocardini’s placement as the outgroup species to the clade 
containing the remaining members of the D. cardini sub-
group, D. procardinoides, D. cardinoides, and D. parthenogenet-
ica. Also strongly supported was a monophyletic clade con-
taining the majority of the island D. dunni subgroup species, 
which was nested within the D. cardini subgroup. The only 
D. dunni subgroup species not included in this monophyletic 
clade was D. belladunni. Instead of grouping with the other 
D. dunni subgroup species, D. belladunni paired with D. acu-
tilabella of the D. cardini subgroup to form a sister clade to the 
remaining members of the D. dunni subgroup.
The Bayesian analysis produced a tree with an identical to-
pology, with all nodes but one (the clade of D. polymorpha 
and D. neomorpha) having 95% or higher posterior probabil-
ities (Figure 3).
Hypothesis Testing
Is the D. cardini subgroup monophyletic? – We investigated 
whether the primarily mainland D. cardini subgroup, as 
originally defined by Heed (1962) and illustrated in Figure 
3, is monophyletic. The Templeton test strongly rejected 
the monophyly of this subgroup (103 additional steps; P < 
0.0001).
Can we resolve the conflict in the placement of D. neocardini 
as originally determined by the inversion and male genitalia data? 
– The Templeton test showed that neither placement was
improvement of branch support with the concatenated 
mtDNA data likely reflects increased power associated with 
additional informative sites.
Despite the modestly different tree topologies for the indi-
vidual datasets, a number of relationships appeared consis-
tently throughout each tree. A clade of D. parthenogenetica, D. 
procardinoides, and D. cardinoides was often recovered, with 
D. neocardini emerging as the sister taxon to this clade. All 
but one species of the D. dunni subgroup appeared as a sin-
gle clade and displayed a number of consistent relationships. 
First, what has been called the nigrodunni complex— D. ni-
grodunni, D. arawakana, and D. antillea—was often resolved as 
a single well-supported clade that also included D. caribiana. 
In three of the four topologies, D. similis was the sister taxon 
to the clade containing the nigrodunni complex, and D. dunni 
was sister taxon to that resulting clade. Drosophila acutilabella 
and D. belladunni were also well supported as sister taxa, but 
their relationship to the rest of the D. dunni subgroup was 
more ambiguous. Sometimes the D. belladunni/D. acutilabella 
clade appeared as sister taxon to the remaining members of 
the D. dunni subgroup (cytB and combined data), and other 
times its position was unresolved (COII and 16S). Generally, 
the more recent relationships were well resolved, especially 
in the combined mtDNA data tree. However, the deeper re-
lationships, such as those among D. cardini, D. polymorpha, 
and D. neomorpha, remained unresolved by the mtDNA.
We performed similar analyses for the nuclear DNA data-
sets (Figure 2). Again, the separate (Figure 2A-C) and com-
bined (Figure 2D) analyses identified a number of consistent 
relationships. First, in two of the three individual dataset to-
pologies we observed a clade containing D. cardinoides, D. 
parthenogenetica, and D. procardinoides, although in all cases 
D. neocardini was not grouped with this clade as it had been 
with the mtDNA datasets. Instead, D. neocardini’s placement 
was either unresolved or with the D. dunni subgroup with 
low support. The nuclear DNA topologies also supported 
the monophyly of the D. dunni subgroup and the place-
ment of the sister taxa D. belladunni and D. acutilabella with 
it (although with shifting relationships). Overall, the nuclear 
DNA agreed with the mtDNA with regard to most recent re-
lationships, and the combined nuclear DNA tree agreed with 
the relationships within the D. dunni subgroup species. Ad-
ditionally, the nuclear DNA resolved a couple of deeper re-
lationships. First, it strongly supported the monophyly of the 
D. cardini group as a whole, and second, it identified D. car-
dini as the species emerging from the most basal split within 
the group.
In the nuclear dataset results, there were differences among 
the tree-building methods. First, although the MP and ML 
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Discussion
Much theoretical work address the role of polymorphism 
in the production of phenotypic diversification (Futuyma 
1988; Mayr 1942; Simpson 1953; West-Eberhard 2003). The 
goal of this study was to use abdominal pigmentation as an 
example phenotype for understanding how a trait evolves to 
produce the differences among species that are observed to-
day. In the sections that follow, we first establish the phylo-
genetic history of the group, and then use this to infer an evo-
lutionary history of pigmentation pattern variation.
The Phylogeny of the Drosophila cardini Group
The combined molecular dataset produced a well-resolved 
tree (Figure 3) with strong support for the monophyly of the 
D. cardini group as a whole. Most phylogenies (especially 
those produced from the nuclear datasets) placed D. cardini 
as the most ancestral species within the group. This relation-
ship is concordant with the cytological data, which show 
that D. cardini is the most unique because it has six meta-
phase chromosome pairs whereas the remaining species in 
the group have four (Heed and Russell 1971).
The D. cardini subgroup mainland species represent a rel-
atively old group, in which species diverged from one an-
other as many as 6.6 million years ago (using the conserva-
tive estimate of 1% genetic divergence equal to one million 
years for mtDNA; DeSalle et al. 1987). The species of this sub-
group clearly do not form a monophyletic group, but rather 
are paraphyletic. Paraphyly of the D. cardini subgroup is not 
surprising: the D. dunni subgroup species were originally 
separated from the rest of the group based on pigmentation, 
chromosomal inversion patterns, and geographic distribu-
tion (Heed and Krishnamurthy 1959); the D. cardini group 
was established to contain all the members not in the D. 
dunni subgroup (Heed 1962). It is now clear that the radia-
tion of the D. dunni subgroup species from the mainland to 
the islands resulted in paraphyly of the D. cardini subgroup.
When using multiple sequences from individual species, 
we could not resolve three species of the D. cardini sub-
group:
D. procardinoides, D. cardinoides, and D. parthenogenetica. 
They therefore appear to be of relatively recent origin, are 
still segregating for variation at both nuclear and mitochon-
drial loci, and may be hybridizing in areas where they are 
sympatric. Indeed, Heed (1962) previously grouped these 
species due to their similarity in male genitalia and because 
each successfully interbreeds with the other two in at least 
one direction. Drosophila procardinoides is restricted to the 
high elevation Andes of Bolivia and Peru (Heed 1963), and 
is therefore unlikely to encounter the other two species. Al-
though D. cardinoides and D. parthenogenetica were previ-
ously thought to overlap only in Central America, they have 
recently been found to have a more extensive distribution 
(De Toni et al. 2005), and therefore sympatric distributions 
with potential for hybridization.
The placement of D. neocardini as the sister taxon to the D. 
procardinoides, D. cardinoides, and D. parthenogenetica clade 
contrasts with the inversion and male genitalia data, which 
either align D. neocardini with D. acutilabella and the other 
island species (based on inversion data; Heed and Russell 
supported by the molecular data and that D. neocardini was 
more closely aligned with the D. parthenogenetica, D. cardi-
noides, and D. procardinoides clade than it was with either the 
D. acutilabella/D. dunni subgroup clade (33 additional steps, 
P < 0.0001) or with the D. neomorpha/D. polymorpha clade (41 
additional steps, P < 0.0001) as was suggested by the inver-
sion and male genitalia data, respectively (Heed 1962; Heed 
and Russell 1971).
What is the likely source of colonists for the D. dunni subgroup 
radiation? – We investigated the likely geographical source 
of colonists for the derived island species by testing whether 
the next closest species clade having a predominately South 
American distribution, namely the D. neocardini, D. parthe-
nogenetica, D. cardinoides, and D. procardinoides clade, could 
substitute for D. acutilabella and D. belladunni as sister taxa to 
the island species on Puerto Rico and the Lesser Antilles, and 
we were able to reject this hypothesis (12 additional steps, P 
< 0.0027).
What is the colonization history of the Caribbean species? – We 
rejected a north to south (37 additional steps, P < 0.001) as 
well as a south to north (81 additional steps, P < 0.001) step-
ping-stone pattern of colonization occurring in this group’s 
history. We also rejected the hypothesis that there was an in-
vasion of the islands by a light species from the north and a 
separate invasion by a dark species from the south (44 addi-
tional steps; P < 0.001) meeting midstream.
Is our molecular phylogeny concordant with previously gener-
ated inversion chromosome and isozyme phylogenies? – The to-
pology defined by the inversion phylogeny (Heed and Rus-
sell 1971, W. B. Heed, pers. comm.) was significantly longer 
than our molecular phylogeny (112 extra steps, P < 0.001). 
Similarly, the topology produced from the isozyme data 
(Napp and Cordeiro 1981) was significantly different (287 
differences, P < 0.001).
We also used the posterior probability results from the 
Bayesian analysis of the total dataset to test these same hy-
potheses. Because all of the alternative tree topologies iden-
tified above involve the breaking of a clade with a posterior 
probability of 100, all alternatives can be rejected at the P < 
0.001 level (each Bayesian analysis was run for 10 million 
generations, sampled each 1000 generation, and always less 
than 1000 trees were discarded for the burn-in; hence, the al-
ternative to a clade with 100 posterior probability is roughly 
1/9000). Therefore, hypothesis testing using the Bayesian re-
sults agreed with the results of the nonparametric Wilcoxon 
signed rank tests.
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species separated from the mainland species and radiated 
across the Caribbean islands. The only D. dunni subgroup 
species not included in this monophyletic clade is D. bella-
dunni, which Heed originally considered part of the D. car-
dini subgroup because it does not cross well with the other is-
land species (although females will cross with males of other 
island species; Heed and Krishnamurthy 1959). Upon dis-
covering that it does not cross well with the continental spe-
cies either, and has only three inversion differences from D. 
acutilabella, Heed later assigned D. belladunni to the D. dunni 
subgroup (Heed and Russell 1971). The assignment of these 
sister species, D. belladunni and D. acutilabella, to either the 
D. cardini or D. dunni subgroup is arbitrary systematically. 
However, both species lack the dorsal midline pigmented 
stripes that are characteristic of the D. dunni subgroup spe-
cies that may represent a novel developmental aspect to the 
1971) or with D. neomorpha and D. polymorpha (based on the 
male genitalia data; Heed 1962). The conflict in these differ-
ent datasets with respect to the placement of D. neocardini 
within the D. cardini group most likely derives from this spe-
cies retaining an assortment of ancestral traits which differ-
entially link it with the island species in the case of inver-
sion patterns and with D. polymorpha and D. neomorpha in 
the case of male genitalia. However, the sequence data are 
clear on the placement of D. neocardini: constraining D. neo-
cardini to be aligned with D. acutilabella and the D. dunni sub-
group species or with D. neomorpha and D. polymorpha pro-
duces trees which are significantly longer than the tree with 
D. neocardini in a clade with D. cardinoides, D. parthenogenet-
ica, and D. procardinoides.
Also strongly supported is a monophyletic clade containing 
the majority of the island D. dunni subgroup species. These 
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potentially responsible for such a cline: colonization history 
or natural selection. We tested whether colonization across 
the islands followed an ordered, stepping-stone model from 
the north (beginning with Puerto Rico) to the south (ending 
in Grenada/St. Vincent) to account for the regular pattern 
of pigmentation across the islands. Results of this test indi-
cate that the north to south hypothesis could be ruled out 
by the sequence data, as could an alternative hypothesis of 
colonization occurring in a stepping-stone fashion in the op-
posite direction (from south to north). We also investigated 
whether the cline emerged as a result of a dark species invad-
ing from the south and a light species from the north meeting 
in the middle of the island chain. We rejected this coloniza-
tion hypothesis as well. Therefore, colonization history is not 
at all associated with the resulting distribution of pigmenta-
tion across the islands (Figure 4). Rather, the species relation-
ships within the D. dunni subgroup indicate that coloniza-
tion occurred in a rather haphazard manner, beginning with 
Puerto Rico, then proceeding to Grenada/St. Vincent, fol-
lowed by colonization of Martinique and finally the remain-
ing islands of the Lesser Antilles. Particularly interesting is 
the brief amount of evolutionary time separating divergent 
phenotypes. Wilder and Hollocher (2003) estimated that two 
of the most diverse phenotypic forms (D. arawakana and D. 
nigrodunni) diverged less than 100,000 years ago. Hence, all 
available evidence points to natural selection as having been 
involved in shaping this interspecific cline in abdominal pig-
mentation across the Caribbean islands.
Monomorphic Descendants Emerged from Polymorphic An-
cestors
The existence of both variable and monomorphic species 
in the D. cardini group makes it useful for examining the di-
rection of phenotypic evolution. Of the members of the in-
pigmentation system. Hence, we favor the assignment of D. 
belladunni and D. acutilabella to the D. cardini subgroup.
Within the D. dunni subgroup, D. antillea, D. nigrodunni, 
and D. arawakana have been termed the “nigrodunni com-
plex” because of similarity in male genitalia morphology 
(Heed 1962) and their limited ability to interbreed (Heed 
and Krishnamurthy 1959). Wilder and Hollocher (2003) per-
formed an in-depth analysis of this group and found that al-
though variation at nuclear loci within this complex could 
not resolve species, a mitochondrial and a Y-linked locus 
provided more genetic differentiation due to their smaller ef-
fective sizes. This information, combined with the dramatic 
pigmentation divergence and reproductive isolation that ex-
ists among these species, indicates that members of the ni-
grodunni complex of the D. dunni subgroup are distinct spe-
cies, albeit very recently derived. The polytene chromosome 
inversion data generally agree with these island species rela-
tionships, although they are much less resolved than the se-
quence data (identifying only two groupings among the is-
land species; Heed and Russell 1971).
The isozyme data (Napp and Cordeiro 1981) show the 
most discordance with the other datasets. These data do 
agree with the grouping of D. caribiana, D. nigrodunni, and 
D. arawakana (D. similis and D. antillea were not included in 
the protein analysis) and place these species closer to D. acu-
tilabella and D. belladunni than to most other species in the 
D. cardini group. However, in the protein analysis, D. dunni 
does not fall into the island group and is aligned instead 
with one of the most distance species (D. neomorpha). In ad-
dition, the isozyme data align D. cardini with D. cardinoides 
which is separated from the taxa determined to be its sister 
taxa by all other analyses, D. parthenogenetica and D. procar-
dinoides. These two species are instead aligned with D. poly-
morpha. A certain amount of gene flow can often be hypoth-
esized to explain inconsistencies between mitochondrial and 
nuclear isozyme data (because these two genetic systems can 
be affected very differently by hybridization patterns); how-
ever, in this case, the inversion data which are also nuclear 
and should reflect similar patterns of gene flow agree more 
with the mitochondrial data than the isozyme data, as do the 
nuclear sequence data. Therefore, the inconsistency is more 
likely due to problems of homoplasy inherent in isozyme 
data rather than the different types of molecular information 
reflecting different evolutionary histories for the species in 
the D. cardini group.
Biogeography of the D. dunni Subgroup and Changes in Ab-
dominal Pigmentation
The monophyly of the D. dunni species on Puerto Rico and 
the Lesser Antilles indicates that they are all derived from a 
single common ancestor and have not resulted from sepa-
rate colonization events from mainland sources. Further, the 
species in the sister clade to this group, D. belladunni and D. 
acutilabella, are distributed in North America and the Greater 
Antilles (Table1). Hence, the most likely source of the Puerto 
Rico and Lesser Antilles D. dunni species is from North/Cen-
tral America or the Greater Antilles rather than directly from 
South America.
The interspecific cline the D. dunni species form across the 
islands is an unusual situation, and two primary factors are 
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neomorpha, D. neocardini, and D. parthenogenetica; da Cunha 
1949; Heed 1963; Martinez and Cordeiro 1970). Because these 
classifications have not yet been investigated in detail, it re-
mains unclear whether genetically controlled polymorphism 
has evolved from environmentally induced polymorphism, 
vice versa, or both in this system. However, as previously 
asserted, it is clear that monomorphism has evolved from a 
polymorphic ancestral state. The D. cardini group may there-
fore be an excellent system for future studies investigating 
the transition from a polymorphic ancestral state to genetic 
divergence in and fixation of phenotypes, how that process 
correlates with niche exploitation and species radiations, and 
if plasticity contributes to this process (West-Eberhard 2003; 
Schlichting 2004).
Conclusion
Abdominal pigmentation is highly variable in the genus 
Drosophila overall (True 2003), and much effort is currently 
focused on deciphering the developmental genetic mech-
anisms underlying divergence in this trait (Hollocher et al. 
2000b; Kopp et al. 2000; Wittkopp et al. 2002; Gompel and 
Carroll 2003; True 2003; Brisson et al. 2004; Wilder et al. 2004). 
Very little, however, is known about how these trait differ-
ences evolve within the context of natural populations. Phy-
logenetic patterns within the D. cardini group suggest that 
control of pigmentation development is highly malleable. In 
widespread species, phenotypes are both environmentally 
and genetically polymorphic. Polymorphism, in turn, can 
be easily fixed into monomorphic genetic responses in geo-
graphically isolated species. Additionally, the monomorphic 
island species form a cline of pigmentation across the Carib-
bean that is discordant with phylogeny, suggesting that nat-
ural selection has played an important role in shaping the 
pigmentation phenotype in this group.
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traspecifically variable D. cardini subgroup, only D. procar-
dinoides does not display variation for this trait (Heed 1963). 
Drosophila cardini, D. cardinoides, D. polymorpha, D. parthenoge-
netica, D. acutilabella, D. neomorpha, and D. neocardini all pres-
ent morphs that range from light to dark (Heed 1962, 1963; 
Stalker 1953). In contrast, members of the D. dunni subgroup 
display little to no intraspecific variation in abdominal pig-
mentation (Heed 1963; Hollocher et al. 2000a). The abdomi-
nal pigmentation morphs are presented in conjunction with 
the phylogenetic hypothesis for the group in Figure 3.
We investigated the phylogenetic position of polymorphic 
and monomorphic species of the D. cardini group with the 
hypothesis that polymorphic ancestors have given rise to 
monomorphic descendants. Examination of the tree topol-
ogy indicates that an ancestral polymorphic state likely ex-
isted prior to speciation of the entire D. cardini group, and 
that monomorphism has evolved independently two or 
three times. One occurrence is the case of D. procardinoides. 
Two equally parsimonious scenarios could account for the 
remaining monomorphic species that include all of the is-
land endemic species. First, given an ancestral polymorphic 
state, monomorphism could have arisen one time in the an-
cestor of the D. dunni subgroup plus D. acutilabella, with a 
later reversal to polymorphism in D. acutilabella. Alterna-
tively, monomorphism could have evolved independently 
in D. belladunni and in the ancestor to the clade containing 
the remainder of the D. dunni subgroup species.
Range Size and Morphological Variation
The polymorphic species of the group have geographic 
ranges presented in Table 1. Most of the polymorphic species 
are distributed on the mainland, with the majority of these 
polymorphic species having large range sizes. In contrast, all 
but one of the monomorphic species have highly restricted 
island distributions; that is, most species are confined to a 
single island in the Caribbean. The only species that is mono-
morphic and not an island endemic is D. procardinoides. Inter-
estingly, D. procardinoides also has a restricted distribution: 
the Andes of Bolivia and Peru.
Thus, the general pattern observed in the D. cardini group is 
monomorphic species with restricted distributions and poly-
morphic species with wide-ranging distributions. If pigmen-
tation in this group is hypothesized to result from natural 
selection, it is possible that local adaptation maintains poly-
morphic species on the mainland given their widespread 
distributions and exposure to a range of environments, while 
smaller population sizes and limited habitat types result in 
monomorphic species.
Plasticity and Phenotypic Diversification
The diversity of abdominal pigmentation in the D. cardini 
group and the repeated evolution of monomorphism indi-
cate that the developmental control of abdominal pigmen-
tation is highly malleable. Supporting this assertion are ear-
lier investigations on the developmental basis of abdominal 
pigmentation in this group, which resulted in some intraspe-
cific polymorphisms being categorized as environmentally 
influenced (D. cardini, D. cardinoides, and D. acutilabella; Heed 
1963), and others genetically controlled (D. polymorpha, D. 
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